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Abstract

The Rare Isotope Accelerator (RIA) facility includes a driver linac for production of 400 kW
CW heavy-ion beams. The initial acceleration of heavy-ions delivered from an ECR ion source can
be effectively performed by a 57.5 MHz four-meter long RFQ. The principal specifications of the
RFQ are: 1) formation of extremely low longitudinal emittance; 2) stable operation over a wide
range of voltage for acceleration of various ion species needed for RIA operation; 3) simultaneous
acceleration of two-charge states of uranium ions.

CW operation of an accelerating structure leads to a number of requirements for the resonators
such as high shunt impedance, efficient water cooling of all parts of the resonant cavity, mechanical
stability together with precise alignment, reliable rf contacts, a stable operating mode and fine tuning
of the resonant frequency during operation. To satisfy these requirements a new resonant structure
has been developed.

This paper discusses beam dynamics and electrodynamics design of the RFQ cavity, as well as,
some aspects of the mechanical design of this low-frequency CW RFQ.

Introduction

The initial acceleration of heavy-ion beams in the driver linac of the Rare Isotope Accelerator
(RIA) Facility [1] will be provided by room temperature RFQ operating at 57.5 MHz. The primary
scope of the RFQ is the formation of low longitudinal emittance dual charge state uranium beams.
Transverse emittance should remain unchanged and a high beam capture efficiency is required. In
order to simplify the front end of multi-beam driver linac and accommodate different ion species
from the ECR ion source the RFQ must operate at wide range of power levels. The basic RFQ
design specifications are listed in Table 1. Several types of resonant structures have been analyzed ir
order to satisfy all specifications. As a result we propose an original RFQ structure which combines
advantages of the four-vane and split-coaxial structures. Four-vane RFQs provide high shunt-
impedances while split-coaxial structures have extremely good mode separation.

Beam dynamics design

The shape of the RFQ vanes (or electrodes) was using the code DESRFQ [2]. In this code the
accelerating cell is determined as a distance between the cross-sections with exact quadrupole
symmetry of electrodes. These cross-sections are equivalent to the accelerating gap centers in &
standard drift tube linac. The code calculates iteratively lengthtlofcell, L, for a given
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modulation factorm, so that reference particle exits a cell at given synchronous phasén
additional condition is required in order to calculate the RFQ paramseteasd ¢, in each cell at
given peak surface field. This condition is discussed below.

Table 1. Initial requirements for RFQ design

Duty cycle 100%

Operating frequency 57.5 MHz
Resonant cavity Based on the split-coaxial structure
Input particle velocity 0.00507 c

Design charge to mass ratio 28.5/238

Charge to mass ratio of accelerated ions  28/238; 29/238
Length of the RFQ vanes ~4m

Output beam energy ~200 keV/u

Peak field at electrode surface < 1.25 Kilpatrick units
Normalized transverse emittance 0.57 mm mrad
Longitudinal emittance at the exit of | < 2 keV/unsec

RFQ for 99.9% of particles

The code DESRFQ calculates electric field distributions in a cell for each iteration using the
modified version of the code POLE1 [3]. Eight coefficients of the Fourier-Bessel series describing
potential distribution in a cell with given shape of the electrodes are calculated:

U(ry,z)= —U—Z'[Fo(r,y/w SF.(rw)sin(2n-1) kz}
n=1
. 2(2n-1)
ol )~ ZB{LJ cod2 (25+ 1)) )
s=0 RO

Fo(r )= 3 Ass Lasl(2n—1) kr]cosasy,
s=0

whereF,, Bs andA,s are the coefficients of the Fourier-Bessel expangien24/ 4, £ is the relative

ion velocity, 4 is the wavelength of rf field, an is the characteristic (or average) radius of the
RFQ electrodes. The vane tip is a semicircle with the rdi®6.75R,. The distance from the RFQ
axis to the vane tip in eactth cell is determined by sinusoidal curve with respect to the longitudinal
coordinate z:
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The code DESRFQ directly calculates the coefficients of the Fourier-Bessel series (1) for sinusoidal
shape of the vane tips.

If the peak surface field is specified, the giiglregion of transverse oscillation in the RFQ can
be calculated for the given characteridg Figure 1 shows the phase advance and normalized
acceptance in the transverse planes as a functiBs. dthe curves were calculated 1&yR, = 0.75.
ChoosingRy = 0.6 mm we can obtain a transverse acceptance which is three times larger than the



expected beam emittance from the ion source and provide sufficiently strong transverse focusing.
For this value ofRy the maximum valuenax of the modulus of the Floquet functig#t) is small

enough and beam envelopg,ax = /4 &n Pmax. IS about 2.3 mm which results in motion of the
particles in linear focusing fields. The matched beam parameters at the RFQ entrance were

determined by inverse transformationf) and% through six-cell matching sections where the

distance from axis to the vane tip is given by,
1
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As was discussed in our previous work [4], to obtain the lowest possible longitudinal emittance
of two charge state beams, a multi-harmonic buncher must be used upstream of the RFQ. The ion
beam distribution in the longitudinal phase space at the RFQ entrance is determined by the four-
harmonic buncher and is shown in Fig. 2. The central part of the distribution contains more than
80% of the particles within a phase width425’. The main goal of beam dynamics design is to
accept the core of the initial distribution and reliallynieate halo particles from thacceleration

process. This can be done if the acceleration starts with small size separatrix and its length is kept
constant along the RFQ. The condition

X(2)=Ro

Tsing,
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ensures a conservation all particle trajectories in phase space in the linear approximatitme
acceleration efficiency. However, the situation is more complicated due to the strong coupling of the
longitudinal and transverse motions in the front end of the RFQ which is inherent in heavy-ion
RFQs. The Hamiltonian for longitudinal motion in an RFQ can be expressed as [5]:

2
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where Az, Ap are particle coordinates with respect to the reference particle in the phaseyspsce,
the ion charge\, = mc® me is the atomic unit masg, is the mass numbet,is the speed of light,

Up is the vane-to-vane voltag® is the average amplitude of transverse oscillations, aislthe
modified Bessel function. In the front end of the RFQ the t&R/2 is not small and the
Hamiltonian strongly depends on amplitude of transverse oscillations. Figure 3 shows the
separatrices calculated for an initial value of the particle velocity ef 0.00507 for different
amplitudes of the transverse oscillations. The initial value¥ ahd ¢s can be chosen to accept
central dense area of the initial distribution into the separatrix correspond®¥@ téiowever, there

are particles with large transverse amplitudes. These particles are captured for acceleration and have
large amplitude longitudinal oscillations. Obviously, they form a halo in the longitudinal phase
space. As is expected the total longitudinal emittance can significantly exceed the emittance of the
central part containing 80 — 85% of particles. An obvious way to weaken the coupling between the
transverse and longitudinal motions is to increase the injection energy or wavelength of the rf.
However, increasing these parameters will impact on the cost of RFQ.



To avoid resonant conditions for the frequency of transverse and longitudinal oscillations, the
following condition must be satisfied in the RFQ [5]:
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where2 and (2 are the frequencies of small longitudinal and transverse oscillations respectively. In
our design this condition is fulfiled along the whole RFQ.

Because the external multi-harmonic buncher produces short bunches at the RFQ entrance, the
synchronous phase of the RFQ may be kept constant along the structure. The initial modulation was
chosen to minimize the amplitude of energy oscillations. Then the modulation factor varies
according to relation (2) along the structure up to the point wheré.017. Downstream of this
point the modulation factor is kept constant in order to maintain a high transverse phase advance.

The final parameters of the RFQ are presented in Table 2 and Fig. 4 and 5.

Table 2. Main design RFQ parameters

Average radiufy 0.6 cm
Vane tip radiuse 0.45 cm
Vane-to-vane voltaggy 68.5 kV
Maximum field on the vane surfa&gax 140 kV/cm
Synchronous phasg -25°
Beam energy 199.0 keV/u
Modulation factor 1.09+ 1.765
Aperture 0.43 cm
Phase advance of transverse oscillations 4 - 47
Reduced transverse frequem@yw 0.123
Reduced longitudinal frequeney/w 0.04
Normalized transverse acceptance 1.8 mm mrad
01 0.326
Vane length 392 cm

Beam dynamics simulations

The multi-particle code DYNAMION [6] was used for simulating beam dynamics in the RFQ.
The electric field acting on each particle is calculated using coefficients of the series (1). The initial
particle distribution shown in Fig. 2 was obtained from three-dimensional beam dynamics
simulations in the section of LEBT containing the multi-harmonic buncher. Figure 6 shows
trajectories of some particles with different initial phases plotted in the same coordinate system as in
Fig. 3. Figure 6 presents particle trajectories for stable (solid curves) and unstable (dotted curves)
motion. One can see that some particles are captured for the acceleration with amplitudes of
longitudinal oscillations which can be even larger than the separatrix size corresponding to a particle
moving on the RFQ axis. The fact that trajectories are concentric confirms that the longitudinal
motion is adiabatic during the acceleration which follows from condition (2).

The longitudinal phase space portrait of the beam exiting the RFQ is shown in Fig. 7. This plot
has a dense core containing 85% of the accelerated particles and a halo. The emittance containing



99.9% of particles is larger than rms emittance by the factor of 10. Numerical simulations are
consistent with the analytical approximations. It is clear that longitudinal emittance is a function of
transverse emittance (see Fig. 8). The RFQ perfectly separates the accelerated and unaccelerate
particles by their energies. The unaccelerated partidlebenlost in MEBT. Since the beam energy

in the MEBT is low, the heat load due to the lost particles is negligible.

The effective longitudinal emittance containing two charge stat&§.abd U?°, is bigger than
the emittance for individual charge states due to the slightly different synchronous phases of each
charge state. Despite of essential halo formation, the total longitudinal emittance of two-charge state
beam is much lower than the acceptance of the following superconducting linac [7]. Moreover, we
have found that only the external multi-harmonic bunching and the design discussed above provide
this lowest possible longitudinal emittance. The total effective emittance of two-charge state beam
does not exceed 2.©keV/unsec. The beam dynamics studies in the following superconducting
linac show excellent beam properties for a multiple charge state uranium beam [7].

The RFQ is designed for the reference charge-to-mass ratio q/A=28.5/238. The acceleration of
charge states 28 or 29 produces a slight mismatched motion in the transverse phase space. Figure
shows transverse profiles of the single-charge $tat&®* beam along the RFQ and one can observe
some modulation of beam envelopes. The envelgpesris shown for accelerated particles only.

The envelope modulation is determined by the expression
rzmax,28 1
§= Z—T
P max,285 €n
and does not exceed 5% for each charge state. There is no transverse emittance growth both fol
single- and two-charge state beams along the RFQ. The transmission of the accelerated particles is ¢
function of the transverse emittance of injected beam as shown in Fig. 10.

The RFQ is followed by the MEBT which must match a two-charge state beam to the following
SRF linac. Our studies have shown [4] that SC solenoids are the best option for the MEBT. Beam
waists in both transverse planes at the RFQ exit are preferable for matching to the following axial
symmetric focusing channel. The last cell of the RFQ is designed in order to produce these desired
beam waists.

Both ends of the RFQ structure considered here have a longitudinal voltage about of ~20 kV on
the axis as is inherent in split-coaxial structures. Beam dynamics simulations show that this voltage
does not affect the beam parameters. At the low energy end the effect is negligible due to the long
radial matching section. At the exit of the RFQ this effect is also small due to the relatively high
energy of the particles.

RFQ cavity design

A conventional four-vane RFQ cavity with a longitudinal direction of the magnetic flux in the
resonator chambers provides high shunt impedance due to the simple shape, and wide and smoottf
paths for rf currents. Shunt impedances of most operating four-vane RFQs are close to the calculated
ones. However, the four-vane structure is not appropriate in low frequency range due to the large
transverse dimensions. In addition a special care must be taken in order to properly separate non-
operating modes. A cavity operating in a split-coaxial mode has been proposed and built for RFQs in
the ~12-25 MHz frequency range. This type of resonant cavity reduces the transverse dimensions of
the cavity significantly compared to the four-vane structure. In addition, the split-coaxial mode
provides high stability of the@ccelerating field because the transverse magnetic field encircles all
four vanes as in a coaxial waveguide. Operational experience with a prototype 12 MHz RFQ [8]



does not show any multipacting in full power range from zero to the designed value. This feature is
very important for the RFQs assigned for acceleration of various ion beam species.

There are some other examples of operating low-frequency RFQs but all of them have essential
disadvantages and selection of the proper RFQ cavity operating at 57 MHz in CW regime is still a
challenge. On the basis of our previous experience in developing of low-frequency RFQ cavities [9-
12] we propose a new type of RFQ structure which combines the advantages of the four-vane and
split-coaxial structures. An isometric view of the full-length computer model of the cavity is shown
in Fig. 11. It can be considered to be a hybrid of a conventional four-vane structure with coupling
"windows” between the chambers and split-coaxial cavities. The specific magnetic field distribution
makes it possible to provide a resonant frequency of 57.5 MHz within a 60 cm diameter tank. This
structure provides high shunt impedance, relatively simple mechanical design, moderate diameter
and large frequency separation of the operating and non-operating modes. There are both
longitudinal and transverse components of the magnetic field with respect to the longitudinal axis:
some of the magnetic flux is directed around the axis while some magnetic flux surrounds the stems
stabilizing the field distribution in the operating mode. The elliptical shape of the windows provides
a low density of rf current on the vane surface and improves the longitudinal flatness of the voltage
distribution compared to other low-frequency RFQ structures. In addition, this vane shape provides
good mechanical stability and the possibility of a modular design of the RFQ cavity.

The final RFQ cavity i5506 mm in diameter and consists of %2 mm long modules. The
exact dimensions of the cavity and vanes are under optimization from the point of view thermal and
structural stability. Preliminary dimensions of the vanes are given in Fig. 12.

Electrodynamics simulations of the cavity has been carried out using the CST Micro-Wave
Studio (MWS) [13] and OPERA 3D codes. The main results are presented in Table 3. Rf power
losses were calculated taking into account realistic distribution of electrical field between the vanes.
The focusing gradient simulated by the MWS code is presented in Fig. 13. The losses have been
determined for a design gradient valBg = Uy/Ro?>= 190 kV/cni. The use of vane-to-vane voltage
for the calculation of rf power losses can lead to underestimation of these losses.

Table 3. Calculated electrodynamics parameters of the cavity.

Frequency of operating mode 57.5 MHz
Frequency of the nearest mode 68.4 MKz
Frequency of the second nearest mogde 93.5 MHz
Q-factor 12000
Total rf power losses 45 kW
Specific rf power losses 11.5 kW/m

The results of the electrodynamics calculations are used for further finite element analysis of the
thermal and mechanical properties of the cavity.

RF voltage variation along the vanes is an inevitable property of any longitudinally non-uniform
structure. In our case the magnitude of the voltage variation depends mostly on the longitudinal size
of the window: the longer the section at the given diameter, the larger the voltage variation. At the
same time, the elliptical shape of the window reduces the field variation compared to a rectangular
window. One should note that the highest voltage deviation occurs at the ends of the vanes where a
additional capacitance between the vanes and the endplate exists. Figure 14 shows a distribution of
transverse component of the electric field along the cavity. The spacing between the vane edge and



endplate is 30 mm. The maximum deviation of the field along the cavityli8%. The voltage
variation within a module i& 0.23%. The radial matching section of the RFQ can also perturb the
voltage flatness. However, a final uniform field distribution along the RFQ may be obtained using
standard water-cooled slug tuners.

One of the main parameters of any RFQ cavity is the sensitivity of the rf field distribution to
misalignment of the vanes. In order to estimate the influence of the electrode misalignment
introduced by an asymmetry in the cavity, simulations with the 3D OPERA code have been carried
out. The following relations were found for voltage and frequency deviations as a function of radial
displacement of the vane:

AU Af

T[%] =-6.74r[ mm] , T:O.OOQAr[mm] .

The voltage and frequency deviations can be controlled by requiring reasonable tolerances of the
vane displacement which should be less thaA0 pum.

Conclusion

A 57.5 MHz CW RFQ for the RIA driver has been designed to ensure stable CW operation and
formation of high-quality beams containing two charge states. The beam dynamics have been
designed to obtain the specified two-charge state beam parameters maintaining relatively low peak
electric field on the vane surface (1.25 kilpatrick). The RFQ forms low longitudinal emittance two-
charge state beams without any emittance growth in the transverse phase planes.

A new resonant structure has been developed for the RFQ. It combines advantages of the
conventional four-vane and split-coaxial structures. Three-dimensional electrodynamics simulations
confirmed that this RFQ structure has high shunt impedance and large frequency separation of the
modes.

Fabrication of both a low power “cold model’ of the complete RFQ and a single segment
“engineering model” is planned for the near future.
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Figure 2. Longitudinal phase portrait of a single charge state beam at the RFQ entrance.
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Figure 3. Separatricies of the longitudinal motioat 0.00507 calculated for different
amplitudes of transverse oscillations.
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Figure 5.
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Figure 6. Particle trajectories in the longitudinal phase space. The solid curve represents central
trajectories and the dotted curve is for the peripheral particles.
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Figure 7. Longitudinal phase space plots of particles exiting the RFQ.
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Figure 11. Full length model of the RFQ cavity designed using the MWS code.
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